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1. Introduction
Hyperthermic therapy can be used as a less invasive antican-
cer therapy that has fewer side effects than conventional treat-
ments, such as chemotherapy and radiotherapy. Hyperthermia 
can be achieved directly by the interaction of an energy source 
(ultrasound, light, or a magnetic field) with the target tissue 
[1]. In vitro experiments confirmed that just 10 expositions of 
60 µs of a near-infrared laser with power of 7 mW can cause 
severe oxidative stress [2], leading to intense membrane dam-
age without affecting healthy neighbor cells [3]. However, 
hyperthermia occurs more easily and more effectively with 
the use of some devices, mostly metallic nanoparticles [4].
In vitro and in vivo data show that the cellular damage 
caused by hyperthermia is proportional to the temperature 
achieved with the treatment (usually approximately 42–47 °C) 
and the time spent undergoing irradiation. Sometimes the 
damage occurs directly on the target cells, but it can also occur 
on the blood vessels, diminishing the blood flow and leading 
to acidosis and hypoxia [5].
Cell death, either by apoptosis or by necrosis, can occur 
as a consequence of hyperthermic interventions because of 
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Abstract
Efforts have been made to develop new treatments for cancer with fewer side effects and with 
a better outcome. Gold nanorods are promising as a cancer treatment device when activated 
by a light source, usually in near-infrared region. In this study we investigated the effect of 
different light doses applied to tumors containing gold nanorods and characterized the damage 
of the treatment in different intracellular locations. The gold nanorods were synthesized by 
a seed-mediated method and the soluble CTAB was eliminated from the nanorods solution, 
which was administered to Ehrlich tumor-bearing mice. The nanorods were activated on the 
tumor tissue by two doses of near-infrared light, either 216 or 600 J cm-2. After the irradiation, 
the tumors were collected and subjected to biochemical tests to investigate oxidative stress 
on cell membranes and to evaluate the total antioxidant capacity of cells, or they underwent 
histological procedures. Results show that the laser itself is responsible for membrane 
oxidative damage, regardless the presence of gold nanorods, but the nanoparticles are 
important to oxidative stress generation inside the cells. The intensity of histological damage 
is directly dependent on the light dose applied. These results are important to better understand 
how photothermal tumor ablation using gold nanorods occurs.
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alterations of membrane permeability and conformation, usu-
ally by membrane blebbing [3] and by impaired fusion of 
DNA fragments during the S phase of the cell cycle [6] or 
denaturation of cytoskeleton proteins [5].
Gold nanoparticles are the most used devices for hyper-
thermic therapy because of its properties, which include 
low intrinsic toxicity, conformational flexibility, and surface 
plasmon resonance with light on the visible and near-infra-
red regions [7]. The particles can assume a wide range of 
conformations, such as silica cores covered with gold (gold 
nanoshells), gold nanospheres, nanorods, or nanowires. Silica 
nanospheres covered with a thin layer of gold have shown to be 
effective in the eradication of murine carcinoma [8], whereas 
gold nanospheres successfully eliminated approximately 87% 
of malignant cells in patients with leukemia, sparing healthy 
neighboring cells [3].
Of all the conformations available for gold nanoparticles 
to assume, one of the most reliable is the nanorod, which is 
known to increase Raman scattering and fluorescence signals 
[9]; however, the easy synthesis, usually by a simple seed-
mediated method [10], and the photothermal properties are 
the most interesting characteristics of those nanoparticles. 
Nanorods have a larger area of interaction with light per vol-
ume unit than the other conformations, demanding less energy 
to generate the necessary heat through light-induced surface 
plasmon resonance [11, 12].
Despite all the experimental data available, it is impor-
tant to assess the biological mechanism of action of those 
nanoparticles to have a thorough understanding of its tumor 
ablation process and better clinical control of the therapeutic 
proceedings.
In this article, we investigated two different doses of 
radiation in hyperthermic treatment using gold nanorods and 
their biochemical and histological consequences in murine 
carcinoma.
2. Materials and methods
2.1. Experimental animals
Sixty male Swiss mice were placed in the following four 
experimental groups: the laser group (L group) comprised 10 
mice that were irradiated with 216 J cm-2 of laser and another 
10 that were irradiated with 600 J cm-2, but none of them 
received nanorods; the nanorods group (N group) comprised 
10 mice that received nanorods but that were not irradiated 
with a laser; the hyperthermia group (H group) comprised 20 
mice injected with nanorods, 10 of which were irradiated with 
216 J cm-2 and the other 10 were irradiated with 600 J cm-2 of 
laser; and the control group (C group) comprised 10 mice that 
did not receive nanorods and were not irradiated with a laser.
2.2. Ehrlich carcinoma
A suspension of 2 × 106 Ehrlich carcinoma cells was inoculated 
subcutaneously on the backs of mice [13]. The tumor grew for 
10 days before the other procedures could be performed.
2.3. Synthesis of gold nanorods
Gold nanorods were synthesized by a seed-mediated method 
[10]. In brief, gold seeds were synthesized by adding 5 ml of 
0.2 mol l-1 cetyltrimethylammonium bromide (CTAB) solu-
tion with 5 ml of 5 × 10-4 mol l-1 auric chloride solution. The 
solution was gently stirred, then 600 μl of 0.01 mol l-1 sodium 
borohydride was added, followed by an additional 2 min of 
stirring. The resultant solution was left to stand at 25 °C for 
6 h in absence of light, and the final seeds suspension was 
then stocked in dark flasks. Nanorods were synthesized by 
mixing 200 μl of 0.004 mol l-1 silver nitrate solution with 5 ml 
of 0.2 mol l-1 CTAB and 5 ml of 0.001 mol l-1 auric chloride. 
After stirring, 70 μl of 0.0788 mol l-1 ascorbic acid was added 
to reduce gold. Finally, 12 μl of seeds suspension was added, 
and growth of nanorods occurred during 15 min at 27 °C in the 
dark. The growth of nanorods can be confirmed when the solu-
tion goes from colorless to bordeaux within this time.
2.4. Hyperthermic treatment
After 10 days of tumor growth, the H group mice were treated 
with 100 μl of nanorods suspension at 0.5 optical density 
injected through the tail vein. The L group and C group ani-
mals received 100 μl of sterile saline solution. The N group 
mice received the nanorods on the same day as the H group. 
The nanorods accumulated in the tumor during 72 h; after 
this incubation period, mice were anesthetized (10 mg xila-
zine and 100 mg ketamine per kg of body weight) to proceed 
with the laser irradiation. The tumors of the L group and H 
group mice were irradiated with a near-infrared (808 nm, 216 
or 600 J cm-2) laser for 5 min. These laser intensities were cho-
sen according to protocols available in the literature [8, 12]. 
The temperatures achieved with hyperthermic therapy were 
assessed; after the treatment, the tumor mass was collected 
after mice were euthanized by cervical dislocation and used 
for biochemical tests and histological analysis.
2.5. Histological analysis
Tumors of three mice in group N and group C plus six tumors 
of mice from group L and group H (three irradiated with 
216 J cm-2 and three irradiated with 2 W cm-2 from each group) 
were fixed with formaldehyde 10% for 24 h and then included 
in paraffin. The 7 µm sections were made from the included 
pieces, dyed with hematoxylin-eosin, and analyzed with an 
optical microscope.
2.6. Biochemical analysis
2.6.1. Tert-butyl hydroperoxide initiated chemiluminescence 
assay. To evaluate the oxidative membrane damage caused 
by hyperthermia, a chemiluminescence assay was performed 
with homogenates obtained from those tumors that were not 
used for histological analysis. The tumors were homogenized 
in physiologic phosphate 10% buffer, added to tert-butyl 
hydroperoxide, which emits light as long as it reacts with 
previously oxidized lipids, and analyzed in a luminometer for 
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60 min [14]. From the resultant graph it is possible to assess 
and compare the oxidative damage from the different experi-
mental groups.
2.6.2. TRAP assay. With the total radical-trapping anti-
oxidant parameter (TRAP) assay, it is possible to assess 
the whole cellular response to oxidative damage. The same 
homogenate was used for this test consisting of adding the 
compound 2,2′-azo-bis-(2-amidinopropane) (ABAP), which 
produces peroxyl radicals at a constant rate, and we observed 
how long the antioxidants of the sample were able to inhibit 
the radical production of ABAP. The total antioxidant activ-
ity of the samples could be elicited comparing the data of 
the samples with the inhibition time of an antioxidant with 
a known concentration, such as Trolox® (a hydrophilic ana-
logue of vitamin E) [15].
2.7. Statistical analysis
Two-way analysis of variance (ANOVA) was performed, 
with Bonferroni as a posttest, to analyze chemiluminescence 
data. TRAP results were analyzed statistically with one-way 
ANOVA. All results were considered statistically significant 
when p < 0.05.
3. Results
3.1. Hyperthermia
When a dose of 216 J cm-2 was applied, the mean increase in 
temperature was 15 °C, with most of the tumors being heated 
from 31 to 46 °C. The temperature of the surrounding tissue 
increased 3 °C. In the absence of nanoparticles (group L), the 
tumors were heated from 32 to 42 °C, whereas the surround-
ing health area temperature increased from 31 to 33 °C.
With the dose of 600 J cm-2, heating became much more 
intense. The laser applied in the absence of nanoparticles to 
the tumors of group L animals was enough to increase the 
temperature from 32 to 52 °C, but no temperature increase was 
observed in the mouth. When the tumors of the H group were 
irradiated, they were heated from 32 to 80 °C, with an 11°C 
increase in the surrounding healthy tissues. A mild reduc-
tion of tumor volume in group H animals was observed, as 
was a loss of color at the location of the irradiation, probably 
because of ischemia after hyperthermic stimulus. The mean 
tissue temperatures are shown in Table 1.
3.2. Histologic analysis
A typical histological section of Ehrlich carcinoma obtained 
from a group C mouse is shown in figure 1. Intense pleomor-
phism, nuclear alterations, and moderated necrosis are shown.
When N group tumors were analyzed, there was no differ-
ence in the histological sections (figure 2), but the analysis 
of L group tumors that received the light dose of 216 J cm-2 
revealed mild augmentation of necrosis (figure 3). This aug-
mentation was much more intense on the sections of H group 
tumors irradiated with light dose of 600 J cm-2. The severe car-
cinoma parenchyma destruction with intense caseous necrosis 
is shown in figure 4.
The cellular damage observed in the sections from L group 
animals irradiated with light dose of 600 J cm-2 was simi-
lar to that observed for the H group treated with 216 J cm-2 
( figure 5), whereas the tumor destruction was almost complete 
in H group mice when irradiated with the higher light dose, as 
can be observed in figure 6. There are few cell nuclei, most of 
them with necrotic characteristics, and many areas of blood 
congestion (figure 7).
Table 1. Tissue temperature after laser irradiation
Site L group (216 J cm-2) H group (216 J cm-2) L group (600 J cm-2) H group (600 J cm-2)
Tumor  periphery 32.68 ± 0.51 33.38 ± 0.78 31.66 ± 0.49 42.16 ± 0.68
Tumor  tissue 42.34 ± 0.45 45.72 ± 1.10 52.08 ± 0.57 79.76 ± 0.89
Figure 1. Histologic section of Ehrlich tumor from control mouse. 
CN, caseous necrosis (10× magnification).
Figure 2. Histologic section of Ehrlich tumor from N group mouse 
(10× magnification).
Laser Phys. 24 (2014) 085601
L F de Freitas et al
4
3.3. Biochemical analysis
3.3.1. Tert-butyl hydroperoxide initiated chemiluminescence 
assay. The only curves statistically different from C group 
and N group mice curves were those from the L group and 
H group irradiated with light dose of 600 J cm-2; however, 
they were not different one from the other, leading to the 
conclusion that the presence of nanoparticles does not play 
a key role in membrane damage, reinforcing the results 
reported in previous work by our group [16]. Figure 8 shows 
the results.
3.3.2. Total radical-trapping antioxidant parameter assay. The 
total antioxidant capacity of tumors from the H group mice 
treated with 600 J cm-2 was the only statistically different 
from those of group C mice (figure 9). The data led to the 
conclusion that the presence of nanoparticles plays an impor-
tant role in the development of severe oxidative stress on the 
target cells, as previously described by our group [16], but 
the intensity of the damage is further increased with higher 
doses of light.
4. Discussion
Novel and more effective forms of cancer diagnosis and 
therapeutic interventions with fewer side effects are the aim 
of researchers, and promising results have been obtained 
with treatments based on magnetic fields and light interac-
tion with organic tissues [4, 5]. Photothermal ablation using 
gold nanorods is one of those promising novel therapies; it is 
based on the heat generated through light excitation of gold 
nanorods present on the target tissue [1, 17].
Figure 3. Histologic section of Ehrlich tumor from L group mouse 
(10× magnification).
Figure 4. Histologic section of Ehrlich tumor from H group mouse 
irradiated with light dose of 216 J cm-2 (10× magnification).
Figure 5. Histologic section of Ehrlich tumor from L group mouse 
irradiated with light dose of 600 J cm-2 (10× magnification).
Figure 6. Histologic section of Ehrlich tumor from H group mouse 
irradiated with light dose of 600 J cm-2 (10× magnification).
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The main cell death pathway activated with hyperthermic 
treatment observed was necrosis, as can be seen with histo-
logical sections. The amount of necrotic cells depends directly 
on the light dose applied to the tumor. It is known that hyper-
thermia alters membrane conformation and properties, mainly 
through membrane blebbing [5, 18]. Vitamin E (alpha tocoph-
erol) is one of the molecules present on cell membranes and it 
can be downregulated after hyperthermia, which corroborates 
necrosis initiation [19].
The results of this study show that the laser itself is capable 
of generating oxidative damage on biological membranes, and 
the intensity of lipoperoxidation depends on the laser power 
used. Previous data in the literature confirm that irradiation 
with the near-infrared laser calibrated at 7 mW is enough to 
generate reactive oxygen species and compromise membrane 
integrity [18]. The presence of nanorods does not change the 
chemiluminescence profile observed for treated tumors, rein-
forcing the conclusion that laser irradiation, regardless of the 
presence of nanorods, is the main mechanism of damage gen-
eration in membranes.
However, the presence of nanorods is mandatory to gener-
ate oxidative stress on a whole-cell level [16]. The mobiliza-
tion of intracellular antioxidants to face the oxidative stress 
generated with hyperthermia is more intense after irradiation 
of nanorods with a dose of light of 600 J cm-2, as expected 
after a huge increase in temperature [20].
5. Conclusion
Biochemical and histological data point to necrosis as the 
main cell death pathway activated with hyperthermic therapy, 
with the membrane damages being caused by laser irradia-
tion itself, whereas intracellular damage is caused by the heat 
generated by nanorods activated with a near-infrared laser. 
Therefore, the photoactivation of gold nanorods and the light 
dose applied to the target tissue are both important for the suc-
cess of the therapy.
In summary, we found that oxidative damage to the mem-
branes depends exclusively on light illumination, whereas for 
intracellular oxidative damage the presence of photoactivated 
nanoparticles is mandatory. Our results show that tumor abla-
tion is more intense with higher light doses applied to the tumor 
tissue and consist mainly of thermal-induced necrotic cell death.
Our results contribute to the understanding of the mech-
anism of tumor ablation in vivo using CTAB-coated gold 
nanorods, which is necessary for the implementation of a 
novel therapeutic intervention in the clinical area.
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